Introduction
============

Angiogenesis is a vital process in the growth, development and spread of tumors. It is a multi-step process that is determined by a net balance between pro- and antiangiogenesis regulators. At present, anti-angiogenesis is regarded as a target for cancer therapy ([@b1-ol-0-0-8869]).

Human endothelial cell protein C receptor (EPCR) is a type 1 transmembrane glycoprotein that is expressed primarily by the vascular endothelium of larger blood vessels ([@b2-ol-0-0-8869],[@b3-ol-0-0-8869]). On the endothelial surface, EPCR binds and presents protein C (PC) to the thrombin:thrombomodulin (TM) complex to generate activated protein C (APC). It binds both PC and APC with equally high affinity ([@b4-ol-0-0-8869]). APC is critical for the negative regulation of blood coagulation by inactivating two key cofactors FVIIIa and FVa, which are responsible for amplification of blood coagulation reactions, and which promote thrombin generation ([@b4-ol-0-0-8869]). APC plays a cytoprotective role in endothelial tissue, which involves altering gene expression profiles, anti-apoptotic activity, anti-inflammatory activity and protection of endothelial barriers ([@b2-ol-0-0-8869],[@b5-ol-0-0-8869]). This cytoprotective effect of APC requires EPCR and the protease activated receptor 1 (PAR1). In addition, APC can induce endothelial cell proliferation and angiogenesis by activating mitogen-activated protein kinase (MAPK) ([@b6-ol-0-0-8869]). Recent research showed that EPCR is expressed in tumor cells, including leukemia U937 cells ([@b7-ol-0-0-8869]), mesothelioma ([@b8-ol-0-0-8869]), ovarian cancer ([@b9-ol-0-0-8869]), lung cancer ([@b10-ol-0-0-8869],[@b11-ol-0-0-8869]) and breast cancer cells ([@b12-ol-0-0-8869],[@b13-ol-0-0-8869]). In our previous study, we had found that EPCR is expressed in gastric carcinoma tissue and BGC803, HGC27, AGS and SGC7901 gastric carcinoma cancer cells, and that it can promote MGC803 gastric cancer cells proliferation and migration ([@b14-ol-0-0-8869]). However the role of EPCR in tumor angiogenesis is not clear.

In this study, we investigated the correlation between the expression of EPCR and the microvessel density (MVD) of tumors in the primary respectable gastric carcinoma, through quantification of MVD using the specific endothelial cell markers CD31 and CD34. From this, we observed that the mean MVD value was higher in EPCR-positive gastric cancer samples compared with that in negative samples. Additionally, the proliferation, migration and tubule formation of human umbilical vein endothelial cells (HUVECs), when cultured with the tumor-conditioned medium of MGC803 cells treated with PAR1 antibody or subject to EPCR knockdown, were inhibited. These findings indicate a novel role of EPCR in gastric cancer progression.

Materials and methods
=====================

### Antibodies

Mouse monoclonal anti-EPCR (ab151403; Abcam, Cambridge, MA, USA), rabbit polyclonal anti-PAR1 (ab63445; Abcam, Cambridge, UK), rabbit monoclonal anti-pERK1/2 (4370), anti-pAKT (Ser473) (4060), anti-pAKT (Thr308) (13038), and anti-AKT (9272) (all from Cell Signaling Technology, Danvers, MA, USA), rabbit polyclonal anti-ERK1/2 (c0185; Anbo Biotech Co., Ltd., San Francisco, CA, USA), mouse monoclonal anti-GAPDH (TA505454; Zhongshan Biotech Co., Ltd., Beijing, China), rabbit anti-mouse (ab6728) and goat anti-rabbit (ab6721) (both from Abcam, Cambridge, UK) were used in the present study.

### Cell culture

Human gastric cancer cell line MGC803 and HUVECs, were purchased from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco\'s modified Eagle\'s medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), 100 IU/ml penicillin and 100 ng/ml streptomycin in a 37°C, 5% CO~2~ humidified atmosphere.

### siRNA transfection

Stealth^™^ RNA duplexes against human EPCR (sense, 5′-GCACUCGGUAUGAACUGCGGGAAUU-3′ and antisense, 5′-AAUUCCCGCAGUUCAUACCGAGUGC-3′) were designed and synthesized as previously described ([@b14-ol-0-0-8869]). The anti-EPCR siRNA (50 nM) was transfected using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol.

### Immunohistochemical analysis of CD31 and CD34

Section of a tissue microarray with 61 gastric carcinoma tissues collected from the Affiliated Hospital of Xuzhou Medical University ([@b14-ol-0-0-8869]) were incubated at 4°C overnight in a moist chamber with mouse monoclonal anti-CD31 and CD34 antibodies (Maxim-Bio Ltd., Fuzhou, China). The sections were then incubated at room temperature for 10 min with biotinylated anti-mouse immunoglobulin after being washed with 0.02 M phosphate buffered saline (PBS) pH 7.4. Then, the sections were incubated for 10 min with Streptavidin-Biotin Complex (Boster Ltd., Wuhan, China) after being washed with PBS. CD31 and CD34 labeling was visualized by incubating the sections in DAB solution (Boster Ltd.). MVD was assessed by counting the vessel numbers under three different fields at high-power magnification fields (×400). An average was calculated for each case and statistically presented as the mean ± SD. The isolated immuno-reactive endothelial cells or groups of endothelial cells separated by the adjacent microvessels were considered to be quantifiable individual vessels. Visible lumens or the presence of associated red cells were not obligatory.

### Preparation of tumor-conditioned medium

Tumor-conditioned medium was prepared as described in previous studies ([@b15-ol-0-0-8869]--[@b20-ol-0-0-8869]). In brief, after MGC803 cells were treated with 10 µg/ml anti-PAR1 antibody or transfected with EPCR siRNA, the culture medium was collected and centrifuged, and the supernatant was collected. The supernatant was combined with fresh DMEM according to a ratio of fresh DMEM:FBS:Tumor cell culture medium of 5:1:4, to obtain the tumor-conditioned medium. Subsequently, the HUVECs were cultured with the prepared tumor-conditioned medium.

### Proliferation analysis

A total of 3×10^3^ HUVECs were plated in 96-well plates in the tumor-conditioned medium, and cultured for 24, 48 and 72 h, respectively. Then, 10 µl WST-8 \[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium\] from a CCK-8 kit was added to each well and incubated for 4 h. The absorbance was measured at 450 nm on a Muti-Detection Microplate Reader (Thermo 1500; Thermo Fisher Scientific, Inc.).

### Transwell assay

The migration ability of HUVECs was examined using a Transwell cell culture chamber (Corning Incorporated, Corning, NY, USA). The lower chamber was filled with the prepared tumor-conditioned medium (600 µl), and 1×10^4^ cells were seeded onto the upper chamber. Chambers were incubated for 24 h at 37°C. The cells remaining on the top surface of the membrane were removed with application of a cotton swab followed by washing with PBS three times. The cells on the bottom surface of the membrane were fixed and stained with 0.1% crystal violet. Subsequently, the number of migrated cells was quantified by counting in 5 fields of view under a light microscope (×20 objective).

### Matrigel-based tube formation assay

Matrigel (BD Biosciences, San Jose, CA, USA) was plated into 96-well plates at 50 µl/well and incubated for 30 min at 37°C. Then, 2×10^4^ HUVECs were re-suspended with tumor-conditioned medium, seeded onto the Matrigel, and incubated overnight at 37°C, Each well was analyzed directly under a microscope, and tubules from 3--5 random fields of each well were imaged and counted.

### Western blot analysis

After treatment with the prepared tumor-conditioned medium, HUVECs were lysed with RIPA buffer. Cell lysates (30 µg/lane) were subjected to 15% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). After blocking in PBST (10 mmol/l Tris-HCl, pH 7.4, 150 mmol/l NaCl, 0.05% Tween-20) containing 5% nonfat dried milk for 1 h, the membranes were incubated with the mouse monoclonal anti-EPCR (1:2,000), rabbit polyclonal anti-PAR1 (1:2,000), rabbit monoclonal anti-pERK1/2 (1:3,000), anti-pAKT (Ser473) (1:3,000), anti-pAKT (Thr308) (1:3,000), anti-AKT (1:3,000), rabbit polyclonal anti-ERK1/2 (1:3,000), and mouse monoclonal anti-GAPDH (1:1,000) at 4°C overnight. Secondary antibodies (1:10,000) were incubated at room temperature for 1 h. Protein bands were detected by the enhanced chemiluminescence (ECL) reaction (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Cell ELISA

ELISA was performed as described previously ([@b21-ol-0-0-8869]). Briefly, 3×10^4^ cells were seeded in a flat-bottomed 96-well microtiter plate and incubated for 24 h at 37°C in 5% CO~2~. Cells were washed 3 times with PBS and fixed with 100 µl of 4% paraformaldehyde solution in 0.01 M PBS for 10 min. Then, cells were incubated with 100 µl of a blocking solution containing 1% (w/v) BSA in 0.01 M PBS for 1 h. After blocking, 50 µl/well of the primary antibody (anti-uncleaved PAR1 antibody was designed and prepared by Abgent Biotechnology Co., Ltd., Suzhou, China, peptide: NH2-SFLLRNPNDKC-CONH2; peptide control, NH2-DPRSFLLRNPNDKC-CONH2) or 50 µl/well of the blocking solution was added and incubated for at least 1 h at 4°C. After washing 5 times with 200 µl/well of the washing buffer, 50 µl/well of the secondary antibody or 50 µl/well of the blocking solution was added and incubated for an additional 1 h at 4°C. Then, 100 µl of 3,3′, 5,5′-tetramethylbenzidine (TMB) substrate solution was added to each well after washing 5 times, and incubated for 20 min at room temperature. Finally, 25 µl/well of 2 M sulfuric acid was added to stop the enzyme reaction, and absorbance was measured at 450 nm using muti-detection microplate reader (Thermo 1500).

### Statistical analysis

All statistical analyses were performed using SPSS software (version 16.0; SPSS, Inc., Chicago, IL, USA). Measurement data were representative of experiments repeated at least three times and presented as mean ± SEM. The results were analyzed among groups using ANOVA followed by the post-hoc Student-Newman-Keuls procedure for multiple comparisons. The Student\'s paired t-test was used to assess the significance of data comparisons between two groups. P-values of less than 0.05 were considered statistically significant (P\<0.05). Correlations between qualitative data and quantitative data were analyzed with the Eta value, with α=0.05 as the inspection level.

Results
=======

### Correlation between EPCR expressions and MVD in gastric carcinoma

In previous study, we had found EPCR to be highly expressed in tissue samples of 44/61 (72.13%) cases of gastric carcinoma ([@b14-ol-0-0-8869]). In the current study, the MVD value of these 61 cases of gastric carcinoma was determined by detecting the microvascular endothelial cells markers CD31 and CD34 through immunohistochemistry ([Fig. 1](#f1-ol-0-0-8869){ref-type="fig"}). Then, the correlation between the expression of EPCR protein and MVD was analyzed by statistical analysis. As shown in [Table I](#tI-ol-0-0-8869){ref-type="table"}, we observed that the mean MVD value was higher in EPCR-positive gastric cancer samples compared with that in negative samples; and this association was statistically significant.

### Knockdown of EPCR or blockade of PAR1 inhibits HUVECs growth, migration and tubules formation

In our previous study, we found that EPCR knockdown inhibited the cells growth and migration of MGC803 cells, and that the role of EPCR may be related to PAR1 ([@b14-ol-0-0-8869]). To study whether knockdown of EPCR and blockade of PAR1 in MGC803 cells affects tumor angiogenesis, tumor-conditioned medium was prepared after MGC803 cells were transfected with EPCR siRNA or treated with 10 µg/ml anti-PAR1 antibody, and then used to culture HUVECs. Then, the cell viability, migration, and tubule formation abilities of the HUVECs were detected. Compared with the control group, the cell viability ([Fig. 2A](#f2-ol-0-0-8869){ref-type="fig"}), migrated cell number ([Fig. 2B and C](#f2-ol-0-0-8869){ref-type="fig"}), and tubules number ([Fig. 2D and E](#f2-ol-0-0-8869){ref-type="fig"}) of the EPCR siRNA-treated group and anti-PAR1 antibody treated-group were decreased significantly. Additionally, compared with the EPCR siRNA group, the cell viability, migrated cell number, and tubule number of the anti-PAR1 antibody-treated group was decreased significantly.

### Knockdown of EPCR inhibits activation of PAR1 in MGC803 cells

To study whether the EPCR expression in MGC803 cells affect tumor angiogenesis through activating PAR1, following EPCR knockdown, anti-uncleaved PAR1 antibody was used to detect the uncleaved PAR1 on the cell membrane of MGC803 cells by Cell ELISA. The results showed that PAR1 protein expression level did not changed after EPCR knockdown ([Fig. 3A](#f3-ol-0-0-8869){ref-type="fig"}). However, anti-uncleaved PAR1 antibody-binding rate was increased after EPCR knockdown, compared with a control group and positive control group treated with thrombin, as a known activator of PAR1. Additionally, the anti-uncleaved PAR1 antibody-binding rate of the thrombin-treated group was decreased compared with the control ([Fig. 3B](#f3-ol-0-0-8869){ref-type="fig"}). These results indicate that the knockdown of EPCR inhibited PAR1 activation in MGC803 cells.

### Knockdown of EPCR or blockade of PAR1 inhibist ERK1/2 and AKT activation in HUVECs

After treatment with tumor-conditioned medium, compared with the control group, the levels of HUVEC\'s ERK1/2, AKT (S473) and AKT (Th308) phosphorylation in HUVECs in the EPCR siRNA-treated group and anti-PAR1 antibody-treated group were reduced ([Fig. 4](#f4-ol-0-0-8869){ref-type="fig"}). This result indicates that EPCR and PAR1 may promote HUVECs proliferation and migration through ERK1/2 and AKT activation in MGC803 gastric cancer cells.

Discussion
==========

In the present study, we showed that the expression of EPCR is correlated with MVD in gastric cancer tissues. Furthermore, when cultured with tumor-conditioned medium of gastric cancer MGC803 cells treated with EPCR siRNA or blocking antibodies against PAR1, the proliferation, migration and tubules formation abilities, and the phosphorylation levels of ERK and AKT in HUVECs were decreased. PAR1 activation in MGC803 cells was also decreased after EPCR knockdown.

It has been reported that APC induces HUVEC proliferation, morphogenetic changes resembling tube-like structures, and angiogenesis in the mouse cornea; while antibodies against EPCR inhibit HUVEC proliferation ([@b6-ol-0-0-8869]). Niessen *et al* found that EPCR/APC-PAR1 signaling prevented inflammation-induced vascular leakage, and pharmacological or genetic blockade of this pathway leaded to mice sensitivity to LPS-induced lethality in mice ([@b22-ol-0-0-8869]). Sundaram *et al* found FVIIa could reduce LPS-induced vascular leakage in the lung and kidney; but the protective effect was attenuated in EPCR-deficient mice, and blocked by PAR1. In addition they found VEGF-induced vascular leakage in the skin was highly dependent on EPCR expression levels ([@b23-ol-0-0-8869]). Mosnier and Griffin found that APC could inhibit staurosporine-induced apoptosis of EAhy926 endothelial cells. APC elicits anti-apoptotic effects requiring PAR1 and EPCR ([@b24-ol-0-0-8869]). Hun Lee *et al* found that progesterone could attenuate thrombin-induced blood-brain barrier disruption by blocking the degradation of tight junction proteins and EPCR in mouse brain endothelial cells bEnd.3 ([@b25-ol-0-0-8869]). All these studies show that EPCR exerts vascular barrier-protective effect, but the role of EPCR in tumor angiogenesis is not clear. Our results revealed that the expression of EPCR is correlated with MVD in gastric cancer tissue. Knockdown of EPCR expression in MGC803 cells could decrease the proliferation, migration and tubule formation of HUVECs in the presence of the MGC803-conditioned medium, with the medium of MGC803 cells treated with PAR1 antibody having the same effect. Furthermore, EPCR knockdown decreased PAR1 activation. These *in vitro* events may explain the angiogenic activity of EPCR-PAR1signaling in gastric tumor cells. Uchiba *et al* found that APC activated the MAPK pathway and induced HUVECs proliferation *in vitro*. In addition, APC activated endothelial nitric oxide synthase via PI3K phosphorylation, leading to protein kinase G activation, suggesting that APC bound to EPCR may activate the endothelial MAPK pathway through a mechanism similar to that of VEGF ([@b6-ol-0-0-8869]). Sen *et al* found APC-mediated activation of PAR1 and p44/42 MAPK in endothelial cell was enhanced by Zinc ions ([@b26-ol-0-0-8869]). Gramling *et al* found that APC enhanced endothelial cell motility and MDA-MB-231 breast cancer cells migration by activating ERK1/2, Akt and NF-κB, but not the JNK pathway ([@b12-ol-0-0-8869]). The present study showed that the phosphorylation level of ERK1/2 and AKT (S473 and T308) is decreased in HUVECs cultured with the tumor-conditioned medium of MGC803 gastric cancer cells treated with PAR1 antibody or EPCR siRNA. However, further studies are required to investigate EPCR expressed on the tumor cell is how to regulate ERK1/2 and AKT pathway of endothelial cell; whether the role of EPCR is dependent on some pro-angiogenic factors, such as VEGF.

In conclusion, EPCR exhibits a stimulatory effect on tumor angiogenesis in the human gastric cancer cell line MGC803 by activating ERK1/2 and AKT, and this effect of EPCR requires PAR1 activation.
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![CD31 and CD34 expression in gastric carcinoma. Representative immunohistochemical images of (A) CD34 and (B) CD31 labeling in the same human gastric adenocarcinoma sample. Scale bar, 20 µm. CD, cluster of differentiation.](ol-16-02-1565-g00){#f1-ol-0-0-8869}

![Tumor-conditioned medium of MGC803 cells treated with EPCR siRNA or PAR1 antibody inhibits HUVECs proliferation, migration and tubule formation. (A) Cell viability was detected by cell counting kit-8 assay. (B and C) Cell migration ability was detected by Transwell assay. Scale bar, 50 µm. (D and E) Matrigel-based tube formation assay. Scale bar, 100 µm. All results are presented as the means ± standard deviation. \*P\<0.05 vs. control; ^\#^P\<0.05 vs. EPCR siRNA group. Si, short interfering; con, control; EPCR, endothelial cell protein C receptor; PAR1, protease-activated receptor 1.](ol-16-02-1565-g01){#f2-ol-0-0-8869}

![Knockdown of EPCR inhibits activation of PAR1 in MGC803 cells. (A) The protein expression of EPCR and PAR1 was detected by western blotting. (B) The anti-uncleaved PAR1 antibody-binding rate was detected by ELISA assay. All results are presented as the means ± standard deviation. \*P\<0.05 vs. control; ^\#^P\<0.05 vs. thrombin-treated group. EPCR, endothelial cell protein C receptor; PAR1, protease-activated receptor 1.](ol-16-02-1565-g02){#f3-ol-0-0-8869}

![Expression level of p-ERK1/2, p-AKT (Ser473) and p-AKT (Thr308) in HUVECs after treatment with tumor-conditioned medium was detected by western blotting. AKT, protein kinase B; p-, phosphorylated; ERK, extracellular signal regulated kinase; HUVEC, human umbilical vein endothelial cell; EPCR, endothelial cell protein C receptor; PAR1, protease-activated receptor 1; si, short interfering.](ol-16-02-1565-g03){#f4-ol-0-0-8869}

###### 

Association between EPCR expression and MVD in gastric carcinoma.

  EPCR   n    MVD CD34 (mean ± SD)   Eta     P-value   MVD CD31(mean ± SD)   Eta     P-value
  ------ ---- ---------------------- ------- --------- --------------------- ------- ---------
  \+     44   49.523±19.471          0.309   \<0.05    37.899±20.644         0.427   \<0.001
  --     17   36.042±17.391                            19.421±5.185                  

Correlations between qualitative data and quantitative data were analyzed using the Eta value, with α=0.05 as the inspection level. EPCR, endothelial cell protein C receptor; MVD, microvessel density; CD, cluster of differentiation.
